Background: Transcription factor nuclear factor-kB (NF-kB) plays a key role in the regulation of immune responses to inflammation. However, convenient assay systems to quantitate the NF-kB activity level in a timely manner are not available in the setting of clinical laboratories. Therefore, we developed a novel and high-throughput quantitative assay based on fluorescence correlation spectroscopy (FCS) to detect the NF-kB activity level in cellular nuclear extracts and evaluated the performance of this method. The basic principle of this assay is to calculate the binding fraction of NF-kB to fluorescentlabeled DNA probes, which contain NF-kB binding sites.
Introduction
Nuclear factor-kB (NF-kB) has been identified as a regulator of the expression of the kB light chain in B cells [1] . NF-kB represents a family of transcription factors that share an Nterminal Rel homology domain (RHD) responsible for homo-and hetero-dimerization, nuclear translocation, and DNA-binding [2] . In quiescent cells, dimerized NF-kBs are inactivated in the cytoplasm via interaction with inhibitory proteins, IkBs. The p65/ p50 heterodimers are the primary targets of IkBa [2] . NF-kB p50 plays an important role in the immune responses to inflammation [3] . In response to inflammatory mediators such as tumor necrosis factor-a (TNF-a) and interleukin (IL)-1, IkBs are rapidly degraded via the ubiquitin-proteasome pathway, directing NF-kB to translocate into the nucleus to bind to specific DNA sequences and promote the expression of various target genes, including IL-6. This pathway is crucial for activation of inflammation and innate immunity [4] . The timely assessment of the NF-kB activity regulating inflammatory cytokines may be necessary for earlier diagnosis of acute inflammatory diseases such as systemic inflammatory response syndrome (SIRS). Rapid and high-throughput quantitative methods for detecting the DNA binding activity of NF-kB in these diseases are highly desirable.
The conventional method to measure the NF-kB activity is the electrophoretic mobility shift assay (EMSA) [5] . However, it is a laborious and time-consuming procedure that typically requires the use of radioactive probes and antibodies against NF-kBs. Luciferase reporter assays have also been used to detect the DNA binding and transcriptional activity. These assays, however, are difficult to apply in high-throughput screening of clinical samples. Renard and colleagues established a more convenient DNA binding assay on the basis of a modified enzyme-linked immunosorbent assay (ELISA) [6, 7] . However, this assay is unfit for emergency tests such as evaluating the degree of acute inflammation (e.g. systemic inflammatory response syndrome) because it requires at least three hours for the assay time.
Recently, new methods of rapid and high-throughput platforms such as fluorescence resonance energy transfer (FRET) and fluorescence correlation spectroscopy (FCS) [8] [9] [10] [11] [12] [13] have been developed to study NF-kB-DNA interactions in the liquid phase. FCS allows for the analysis of molecular interactions and complex formation in the liquid phase at the level of a single molecule [14, 15] . In an FCS analysis, fluctuations of fluorescent intensity caused by Brownian motion of fluorescent-labeled molecules can be analyzed as the diffusion time and the number of molecules that move across a confocal detection volume (10 -15 liter) [16] . Because the diffusion time of a molecule depends on its molecular weight, molecular interactions (between proteins and fluorescent-labeled DNA) can be evaluated according to the increased diffusion time in the solution [17] .
We herein report that a modified FCS assay using nonfluorescent competitors is capable of quantitating the NF-kB activity level in various crude nuclear extracts. By using this method, the increased NF-kB activity levels induces by TNF-a treatment were measured in human lymphocytes. Moreover, increased NF-kB activity levels were observed prior to increase of IL-6 in the perioperative period. This assay system enables rapid and high-throughput quantitation of the NF-kB activity and may contribute to clinical monitoring of patients with inflammationassociated diseases.
Methods

Reagents
Human recombinant NF-kB p50 (hr-p50) was purchased from Promega Corporation (Madison, WI, USA). Human recombinant TNF-a was purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Cell Culture
HeLa cells were cultured in MEM, supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 mg/ml). U937 cells were cultured in RPMI-1640 supplemented with 10% FBS, 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 mg/ml).
Patients and Materials
Written informed consent was obtained from the cancer patients in Toyama University Hospital for the collection and the use of blood samples. This study was conducted with the approval of the Ethics Committee of the University of Toyama. Human lymphocytes were isolated from peripheral blood samples using Lymphoprep (Axis-Shield PoC AS, Oslo, Norway) according to the manufacturer's protocol. SIRS was defined as having at least 2 of the following criteria: temperature ,36uC or .38uC; heart rate .90 beats/minute; respiratory rate .20 breaths/ minute; PaCO 2 ,32 mmHg; and white blood cell counts .12,000 cells/mm 3 , or ,4,000 cells/mm 3 , or .10% immature band forms [18] .
IL-6 Determination
IL-6 levels in human plasma were measured by a sandwich enzyme-linked immunosorbent assay kit (EH2IL6; Pierce Biotechnology, Inc., Rockford, IL, USA) according to the manufacturer's instructions.
Preparation of Nuclear Extracts
Nuclear proteins were extracted using the Nuclear Extraction kit (Affymetrix, Santa Clara, CA, USA). Cells were collected and homogenized in 150 ml of buffer A provided by the Nuclear Extraction kit. The cells were centrifuged at 15,000 rpm for three minutes at 4uC. The nuclear pellet was then re-suspended in 40 ml of buffer B provided by the Nuclear Extraction kit. The nuclear extracts were isolated using centrifugation for three minutes at 15,000 rpm at 4uC. The protein concentrations were determined using a Bio-Rad protein assay kit, according to the manufacturer's instructions.
Fluorescent-labeled DNA and Competitor DNA
The fluorescent-labeled, stem-loop oligonucleotides containing a kB binding element were as follows:
59-TAMRA-agttgaggggactttcccaggcaaaagcctgggaaagtcccctcaa ct-39.
TAMRA; 5/6-carboxytetramethylrhodamine. The synthesized stem-loop oligonucleotides were diluted in Tris-HCl buffer (pH 7.5), denatured at 95uC for 10 minutes and annealed at 65uC for 30 minutes.
For the competition assays, the following non-fluorescent probes were used: wild-type: 59-agttgaggggactttcccaggcaaaagcctgggaaagtcccctcaact-39, and nonspecific: 59-caggcgcgttttgaccat cttaaaaaagatggtcaaaacgcgcctg-39. The NF-kB binding sites are underlined.
Fluorescence Correlation Spectroscopy
FCS measurement was performed using the single-molecule fluorescence detection system, MF20 (Olympus Corporation, Tokyo, Japan) [13] . Standard dye and TAMRA-labeled DNA were excited by a 250 mW, 543 nm laser line. The emission was detected through 565-595 nm for 15 seconds for each sample and repeated five times. To determine the structure parameter(s), TAMRA (Olympus Corporation, Tokyo, Japan) as a standard was measured. The samples were added to a 384-well glass-bottomed microplate, and the measurements were obtained in a sample volume of 20 ml. Reaction mixtures containing binding buffer (50 mM Tris-HCl buffer (pH 7.5), 250 mM NaCl, 1 mM EDTA, 2.5 mM dithiothreitol and 10% glycerol), nuclear extract sample, 1 nM TAMRA-labeled NF-kB probe, 1 mg of poly (dI-dC) and competitors were mixed and further incubated at room temperature for 10 minutes.
Quantitation of NF-kB
Figures 1 show schematic drawings of the competition assay based on FCS. To analyze the fraction of free and protein-bound fluorescent-labeled DNA, the fluorescence autocorrelation functions G(t) were fitted by one-or two-component models as follows [19] : (two-component model) where F triplet is the average fraction of triplet state molecules, t triplet is the triplet relaxation time, t D in the one-component model is the diffusion time, N is the number of fluorescent-molecules in the detection volume element defined by radius w 0 and length 2z 0 and s is the structural parameter representing the ratio, s = z 0 /w 0 .
In the two-component model, a is the binding fraction, which denotes the ratio of protein-bound TAMRA-labeled DNA to the total TAMRA-labeled DNA. t free and t bound are the diffusion times of the free and protein-bound DNA, respectively. To facilitate the quantification of the fraction of protein-bound TAMRA-labeled DNA, the values of F triplet , t triplet , t free and t bound were used as fixed parameters.
I. Generation of Standard Curves
To quantitate the concentration of endogenous NF-kB, the standard curve was generated using titration of hr-p50 before each set of experiments.
i.
FCS measurement was performed for the TAMRA-labeled DNA in the absence of hr-p50. The diffusion times of the free TAMRA-labeled DNA (t free ) and the triplet parameters (F triplet and t triplet ) were obtained using the one-component model. ii. The diffusion time of the p50 homodimer-bound TAMRAlabeled DNA complex (t bound ) was calculated based on the t free and the molecular weight of the complex in the StokesEinstein equation below.
where D is the diffusion constant, k B is Boltzmann's constant, T is the absolute temperature, g is viscosity, r is the radius of the spherical particle and is proportional to the cubic root of its molecular weight, w is the radius of detection volume and t D is diffusion time. iii. FCS measurement was performed for titrated hr-p50 samples as standard. iv. The binding fraction (a) of p50 homodimer-bound TAMRAlabeled DNA to the total TAMRA-labeled DNA was obtained using the two-component model with the values of t free and t bound as fixed parameters. v.
The value of a was plotted against the concentration of hrp50. vi. The standard curve for NF-kB was generated using a four parameter logistic model:
where y is the binding fraction of hr-p50-bound TAMRAlabeled DNA to the total TAMRA-labeled DNA, x is the hrp50 concentration, a and d are the responses at zero and infinite dose (i.e., a = 0 and d = 100), c is the concentration giving 50% binding and b is the slope parameter.
II. Analyzing the Nuclear Extract Samples
i. FCS measurement was performed for the TAMRA-labeled DNA in the presence of nuclear extracts with wild-type competitors (Solution A in Figure 1 ). The diffusion time of the free TAMRA-labeled DNA (t free-WT ) and the triplet parameters (F triplet and t triplet ) were obtained using the onecomponent model. ii. The t bound_WT was calculated as described above (I-ii). iii. FCS measurement was performed for the corresponding samples with nonspecific competitors (Solution B in Figure 1 ). The binding fraction (a) of protein-bound TAMRA-labeled DNA to the total TAMRA-labeled DNA was obtained using the two-component model with the values of F triplet , t triplet , t free_WT and t bound_WT as fixed parameters. iv. The two binding fractions [a(WT) and a(NS)] were applied to the standard curve, and the quantitative values (ng/test) were calculated. v.
The value was normalized using the total amount of nuclear proteins in the sample. vi. Finally, the quantitative value of p50 (ng/mg of nuclear protein) was calculated by subtracting the value of the wildtype sample from the value of the nonspecific sample.
The procedures described above were summarized in Figure 2 .
Statistical Analysis
The data are expressed as the mean 6 the standard error of the mean (SEM). For the statistical analyses, the groups were compared using Student's t-test. p values less than 0.05 were considered significant.
Results
Quantitative Assay of the NF-kB Activity
The viscosity of the nuclear extracts affects the Brownian motion of the fluorescent-labeled probes, resulting in prolongation of the diffusion time when measured with FCS. To normalize the effects of varying degrees of viscosity on the diffusion time, competition assays were employed using wild-type or nonspecific competitors together with fluorescent probes. First, the diffusion time of the complex (hr-p50 and the fluorescent-labeled probes) was measured and qualitatively analyzed using one-component model in the absence or presence of wild-type competitors ( Figure 3A) . The diffusion time of the fluorescent probes alone was 478.267.5 msec. When hr-p50 was added, the diffusion time increased (969.3658.9 msec) due to the complex formation of hrp50 and the fluorescent-labeled probes. As expected, the addition of non-labeled wild-type competitors (1 nM) blocked the complex formation of the p50 and fluorescent probes and decreased the diffusion time of the complex (868.063.4 msec). When an excess of wild-type competitors (50 nM) was added, the diffusion time was approximately the same as that observed in the absence of hr-p50 (495.869.4 msec), indicating that the fluorescent-labeled probes were free from complex formation. In contrast, the addition of the nonspecific competitors had little effect on the diffusion time at any concentration examined (1 and 50 nM, Figure 3A) , thus suggesting that complex formation is highly dependent on the specific NF-kB binding sequences of the fluorescent-labeled probes.
To evaluate the diffusion time of the complex (endogenous p50 and fluorescent probes) in the nuclear extracts, HeLa cells were treated with TNF-a (50 ng/ml) for 15 minutes, and nuclear proteins were extracted ( Figure 3B ). Even without stimulation by TNF-a, the diffusion time increased when the nuclear extracts were added compared to that of the fluorescent probes alone (increased from 564.8 to 600.1 msec). These results suggest that there was a small amount of NF-kB in the TNF-auntreated nuclei or that the viscosity of the nuclear extracts affected the diffusion time. An increased diffusion time (753.4610.6 msec) was observed after stimulation with TNF-a. This result indicates that TNF-a induces the complex formation of endogenous p50 with fluorescent probes. On the other hand, when the wild-type competitors were added, the diffusion time decreased to a level similar to that observed in the TNF-aunstimulated HeLa cell nuclear extracts (590.169.1 msec). This result suggests that NF-kB proteins are undetectable in TNF-auntreated nuclei. In contrast, the nonspecific competitors did not affect the diffusion time of the TNF-a-stimulated HeLa cell nuclear extracts.
To quantitate the binding fraction, a known concentration of hr-p50 was measured without nuclear extracts to create a standard curve ( Figure 3C ) using two-component model, as shown in the Methods section (I i-iv). The vertical axis shows the binding fraction (%) of hr-p50-bound fluorescent probes to the total fluorescent probes. To confirm accurate quantitation with the standard curve, 0.8 ng of hr-p50 was mixed into nuclear extracts (10 mg) of U937 cells, and the binding fraction between NF-kB and the fluorescent probes in the mixture was calculated for quantitation ( Figure 3D ), as shown in the Methods section (II i-iv). Applying the difference between the two binding fractions with wild-type and nonspecific competitors to the standard curve, the quantitative value was 0.67 ng/test, and the percentage recovery was 88.9%.
To assess the accuracy of this method in more detail, a spike recovery test was carried out and the coefficients of variation (CV) of each intra-assay were determined. The recombinant NF-kB p50 (hr-p50) were mixed into 15 mg of U937 cell nuclear extracts. When 0.75 ng of hr-p50 was added in the nuclear extracts, the quantitative results by the FCS assay showed 0.7560.07 ng which CV was 8.9%, and 1.6660.18 ng which CV was 10.9% after treatment with 2.0 ng of hr-p50, respectively. These experiments were evaluated by three measurements of test samples (Table 1 ). 
Quantitation of the NF-kB Activity in Isolated Human Lymphocytes by FCS Assay
To evaluate whether the FCS assay can be applied to measure the NF-kB activity in human lymphocytes isolated from blood, we performed a quantitative analysis of the NF-kB activity in the human lymphocytes with or without TNF-a (10 ng/ml) stimulation. The quantified amounts of NF-kB in the nuclear extracts of the human lymphocytes were detectable and increased by varying degrees in response to TNF-a stimulation (Figure 4) .
Kinetics of Activation of NF-kB by the FCS Methods in the Perioperative Period
Finally, to assess the applicability of the FCS methods in a clinical setting, we quantitate the NF-kB activity in the perioperative period of patients with cancer. In these cases, the increased NF-kB activity levels in the lymphocytes were observed 2 hours after the start of surgery ( Figure 5 ). These increases occurred prior to increases of plasma IL-6 levels. Furthermore, in the both cases, the NF-kB activity levels increased again during or after the surgery. These patients developed SIRS after the surgery.
Discussion
By using FCS with wild-type or nonspecific competitors, we showed that the NF-kB activity in biological samples can be easily and rapidly quantitated with a standard curve. FCS provides a powerful high-throughput technique for the detection of DNAprotein interactions in a liquid phase [13, 16, [20] [21] [22] [23] [24] [25] . Kobayashi and colleagues reported that the NF-kB-DNA binding activity in nuclear extracts can be evaluated using the FCS method with fluorescent-labeled DNA probes [13] . Their results also showed that the diffusion time of the NF-kB/DNA probe complex is correlated with the concentration of the TNF-treated HeLa cell nuclear extracts. To date, a method for quantitation of the NF-kB activity in various samples has not been developed previously. We herein developed a novel quantitation system for detecting the NFkB activity level using FCS with competitive probes that enables rapid and high-throughput quantitation.
Crude nuclear extracts contain various molecules, whose effects should be considered in order to quantitate the NF-kB activity. The FCS assay is known to be highly susceptible to the viscosity of the solution [15] . For instance, the diffusion coefficient of GFP in PBS was different from that in the nuclear protein [26] . As shown in Figure 3B , the diffusion time is actually susceptible to the viscosity of the nuclear extract. Therefore, to quantitate the NF-kB activity in samples with different viscosities (e.g., nuclear extracts of lymphocytes isolated from different individuals), the viscosity of each sample should be normalized. Without taking the viscosity into consideration, the amount of NF-kB in the sample solution cannot be quantitated using a standard curve made with bufferdiluted hr-p50 solutions, which have a different viscosity from the sample solutions. To normalize the influence of the viscosity, a wild-type competitor was used. In the presence of the wild-type competitor, the fluorescent-labeled DNA was released from NFkB (Figure 1) . Therefore, the amount of endogenous NF-kB in the nuclear extracts was able to be quantified according to the binding fraction obtained from measurement in the presence of a nonspecific competitor. To obtain the binding fraction from the formula based on the two-component model, the diffusion times of both free fluorescent probes and the p50-fully-bound fluorescent probes must be measured as fixed parameters. Therefore, we divided the samples into two groups and added the wild-type competitors and nonspecific competitors, respectively. Of note, the viscosity of the solution containing wild-type competitors is equal to that of the solution containing nonspecific competitors. The diffusion time obtained using the one-component model in the solution containing the wild-type competitors is assumed to be the same as the diffusion time of the free fluorescent probes (t free_WT ), as shown in Figure 3B . The diffusion time of the p50-fully-bound fluorescent probes is calculated using the Stokes-Einstein equation based on the t free_WT (t bound_WT ). Therefore, using the twocomponent model, the binding fraction of the p50-bound fluorescent probes in the solution containing nonspecific competitors (i.e., the sample nuclear extracts) can be obtained. Hence, the binding fraction can be applied to a standard curve made with buffer-diluted hr-p50 solution ( Figure 3C and 3D) .
In the presence of the wild-type competitor, the minimal binding fractions of protein-bound fluorescent-labeled DNA were calculated ( Figure 3D ). This result may indicate nonspecific binding of fluorescent-labeled DNA. To normalize the nonspecific Quantitative tests of the recombinant NF-kB p50 (hr-p50) in 0.75 ng and 2.0 ng were performed in the presence 15 mg of U937 cell nuclear extracts. The coefficients of variation (CV) of each intra-assay were determined. Values represent the mean 6 SE; n = 3 in each group. doi:10.1371/journal.pone.0075579.t001 binding, subtracting the value of the wild-type sample from the nonspecific sample is required (see Methods). All NF-kB components bound to kB consensus sequences are expressed as the DNA binding activity of p50 homodimers in our FCS-based method. To demonstrate that the quantitation of NF-kB by the FCS-based method correlates with the NF-kB signaling activity, we confirmed that the inhibitor of IkB-a phosphorylation (BAY11-7082), which can disrupt the nuclear translocation of NF-kB, blocked the increase in the diffusion time induced by PMA/ionomycin (data not shown).
As shown in Table 1 , the spike recovery study showed the CVs of each intra-assay were determined to be approximately 10%. We determined that these values were within acceptable ranges, because good accuracy for the determination of most clinical laboratory tests aimed at less than 10% of CV. These results indicate that the FCS-based method properly reflects the NF-kB signaling activity and that FCS is applicable for the quantitation of the NF-kB activity. Double-strand DNA probes conjugated with TAMRA, which were formed by mixing sense and anti-sense oligonucleotides, were used as fluorescent-labeled probes in a previous report [13] . We designed new stem-loop structure DNA probes that efficiently form a double-strand structure within the molecule. The stem-loop structure probes exhibit similar sensitivity to the double-strand DNA probes mentioned above (data not shown), however, the stem-loop structure probes can be easily prepared.
Recently, ELISA-based NF-kB activity assays have been used in place of conventional methods because these methods are faster and more sensitive than EMSA [6, [27] [28] [29] . Whereas these assays are based on the binding of proteins on a solid surface, the novel method using FCS is based on reactions in a physiological liquid phase. The FCS method requires no specific antibodies for which the conditions must be optimized. Moreover, the assay time of the FCS method is less than 20 minutes for each sample, whereas the ELISA-based assays require several hours.
NF-kB plays a central role in coordinating the expressions of a variety of inflammatory cytokines that control immune responses. Mokart and colleagues reported that IL-6 could be an early marker of postoperative SIRS in patients undergoing major surgery for cancer [30] . We were able to quantitate the NF-kB activity level in human lymphocytes isolated from peripheral blood, showing the increase induced by TNF-a stimulation (Figure 4 ). Furthermore, we were able to quantitate the increased NF-kB activity levels prior to the increase of plasma IL-6 levels in the perioperative period of major surgery for cancer. These results suggest that assessment of NF-kB activity using the FCS method leads to earlier diagnosis of SIRS ( Figure 5 ). The increased NF-kB activity levels with severe surgical stress might induce SIRS. Swiftness of measurement is one of the advantages of this method, which may aid the diagnosis of acute inflammatory diseases. The strategy used in our study is also applicable to the quantitation of activities of certain types of transcription factors, thereby making it possible to perform more precise quantitation.
In conclusion, this novel assay is a fast, sensitive and highthroughput assay for the quantitation of the NF-kB activity. This system could be useful for promptly evaluating and monitoring various inflammatory diseases in clinical laboratory settings.
